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Abstract: This study investigated the use of iron and aluminum and their combinations as electrodes to
determine the technically sound and economically feasible electrochemical approach for the treatment
of anaerobic digestion effluent. The results indicated that the use of iron as anode and cathode
is the most suitable solution among different electrode combinations. The reduction of turbidity,
total chemical oxygen demand, total phosphorus, total coliforms, Escherichia coli, Enterococci, and
phages in the reclaimed water were 99%, 91%, 100%, 1.5 log, 1.7 log, 1.0 log, and 2.0 log, respectively.
The economic assessment further concluded that the average treatment cost is $3 per 1000 L
for a small-scale operation handling 3000 L wastewater/day. This study demonstrated that the
electrocoagulation (EC) is a promising technique for the recovery and reclamation of water from
anaerobic digestion effluent. Even though its energy consumption is higher and the nitrogen removal
is insufficient compared to some conventional wastewater treatment technologies, there are several
advantages of the EC treatment, such as short retention time, small footprint, no mixing, and gradual
addition of coagulants. These features make EC technology applicable to be used alone or combined
with other technologies for a wide range of wastewater treatment applications.
Keywords: biological indicators; COD removal; electrode combination; phosphorus removal;
turbidity reduction; wastewater treatment

1. Introduction
Anaerobic digestion (AD) can be perceived as a pretreatment process to reclaim the water from
concentrated organic waste streams. Regardless of the good performance of AD on carbon utilization
for methane production and chemical oxygen demand reduction, the digestion effluent still contains
relatively high amounts of solids (particulate organics and colloids) and dissolved organics (some
nonbiodegradable compounds). Physical and chemical separation methods, such as coagulation,
flocculation, sedimentation, activated carbon adsorption, filtration, and reverse osmosis, have been
Sustainability 2020, 12, 2697; doi:10.3390/su12072697
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developed and implemented to treat anaerobic digestion effluents and achieve a water quality near to
drinking water standards [1–4].
Electrocoagulation (EC) is an emerging technology for the removal of solid particles and other
contaminants from high-strength wastewater (e.g., pulp and paper wastewater, animal wastes,
leachate, and industrial wastewater) [5–7]. It has been studied by numerous research groups to
remove metals [8,9], organic matters [10–12], nutrients [13], and microorganisms [14,15] from a
variety of wastewaters. Compared to the conventional coagulation–flocculation process, EC has
several advantages, such as in situ coagulant production induced by dissolving metal using electric
current, combination of three processes (coagulation, flocculation, settling) in a single step, shorter
reaction/retention time, and removal of small particles and color-causing compounds [9,10,16].
In an EC process, electricity is loaded on two metal electrodes (anode and cathode) in wastewater.
The anodic metal (e.g., Fe, Al, and Mg) is dissolved and sacrificed, while the cathode reduces water
molecules to hydrogen gas (H2 ) and hydroxyl (OH− ) ions.
Anode : Me0 (s) → Men+ + ne

(1)

Cathode : 2H2 O + 2e− → H2 O( g) + 2OH−

(2)

Dissolved metal ions undergo complexation reactions with hydroxyl ions to form metal hydroxides
(Fe(OH)2 , Fe(OH)3 , Mg(OH)2 , Al(OH)3 ). The metal hydroxides with low solubility facilitate relieving
repulsive forces between the colloids, destabilizing suspended solid particles, and forming flocs [17,18].
Correspondingly, solids in the wastewater are settled by gravitational force on the bottom of the reactor.
Under ideal EC conditions, formation of flocs and their gravitational settling are expected to happen
simultaneously. Meanwhile, the formation of H2 bubbles on the cathode brings in another solids
removal mechanism—electroflotation (EF) to lift light solid particles to the surface and form a thick
foam layer [19,20]. With the EC and EF, nutrients (P and N) are completely or partially removed as
well during the process [9]. Fe and Al are the most commonly used metals for EC [21–23]. The same
metal is typically applied for both anode and cathode in EC. It has also been reported that different
metals were mixed to achieve combined EC and EF treatment [24].
This study investigated the effects of different electrode combinations of Fe and Al on the EC
treatment of AD effluent and determined the preferred electrode configuration yielding maximum
removal of solids and other contaminants (total chemical oxygen demand (tCOD) and total phosphorus
(TP)). The selected electrode combination was then carried out to delineate dynamic changes of the
EC treatment and determine the treatment time. The biological indicators (total coliforms, E. coli,
Enterococcus, and coliphage) were monitored to conclude the effects of EC on potential pathogen
reduction. A technoeconomic analysis was conducted based on an operation with a mass flow of 3000
L wastewater/day to conclude feasibility of small-scale application.
2. Materials and Methods
2.1. Feed
The AD effluent (digestate) was obtained from a pilot-scale anaerobic digestion unit (700 L effective
volume, 20 days hydraulic retention time), which has been running since 2016 to treat a mixture of
food waste and municipal sludge in the Anaerobic Digestion Research and Education Center (ADREC)
at Michigan State University. The characteristics of the digestate are listed in Table 1.
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Center (ADREC) at Michigan State University. The characteristics of the digestate are listed in Table
Table 1. Characteristics of the anaerobic digester effluent *.
1.
Parameters
Value
Table 1. Characteristics of the anaerobic digester effluent *.
pH
7–8

Parameters
sCOD (mg/L)
pH
tCOD (mg/L)
sCOD (mg/L)
TAN (mg N/L)
tCOD (mg/L)
TN (mg
(mg N/L)
TAN
N/L)
PO4-P
(mg
P/L)
TN
(mg
N/L)
TP (mg
PO4-P
(mgP/L)
P/L)
TP
(mg
P/L)
Turbidity (NTU)
Turbidity
(NTU)
TS (g/L)
TS (g/L)
Conductivity (mS/cm)
Conductivity (mS/cm)

Value
7–8
3853.3 ± 587.1
2243.3 ± 220.5
690 ± 30
3853.3 ± 587.1
5246.7
690±±450.1
30
28.7 ±±1.56
5246.7
450.1
487.6
17.4
28.7 ±
± 1.56
487.6
±
17.4
4663.3 ± 345.3
4663.3
345.3
3.39 ±±0.27
3.39 ± 0.27
6.83 ± 0.06
6.83 ± 0.06

2243.3 ± 220.5

*The results are reported as the average of three measurements ± standard deviation.

*The results are reported as the average of three measurements ± standard deviation.
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Figure 1. The bench-scale electrocoagulation (EC) reactor. (a). Reactor configuration; (b). The testing
Figure 1. The bench-scale electrocoagulation (EC) reactor. (a). Reactor configuration; (b). The testing
bench-scale EC reactor.
bench-scale EC reactor.
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demand and electrode consumption on the treatment cost. A total of 25% of their base values were
used to show their impact on changes of the treatment cost.

Sustainability 2020, 12, 2697

5 of 15

consumption on the treatment cost. A total of 25% of their base values were used to show their impact
on changes of the treatment cost.
2.4. Parameter Analysis
Total solids (TS) content was measured using the gravimetric method [25]. Total phosphorus (TP),
total nitrogen (TN), and tCOD were measured using United States Environmental Protection Agency
(USEPA)-approved HACHTM standard methods. The final concentration of solids was determined by
turbidity measurements according to the USEPA standard method [26]. Turbidity measurements were
made by using the HACH 2100Q Portable Turbidimeter. The pH of the solutions was measured via a
HACH Pocket Pro pH meter. Conductivity was tested using an Orion Star A215 pH/conductivity meter
(Thermo Scientific, Waltham, MA). Fecal indicator bacteria (Total coliforms, E. coli and Enterococcus)
were enumerated using Colilert and Colilert Quanti-Tray® 2000 (IDEXX Laboratories, Westbrook, ME,
USA) for total coliform and E. coli, and Enterolert™ (IDEXX Laboratories, Westbrook, ME, USA)
for Enterococcus. Generated concentrations were expressed in Most Probable-Number (MPN/100
ml) [27,28]. Phage analyses were made using a double agar layer modification of USEPA Method
1602 [29].
2.5. Statistical Analysis
ANOVA and Tukey pair-wise comparison were conducted on turbidity, TN, TP, and tCOD
to identify significant differences among different electrode combinations. R (Version 3.2.4, the R
foundation for Statistical Computing) was the software used to carry out the statistical analysis.
3. Results and Discussions
3.1. Effects of Metal Combinations on EC of AD Effluent
The anaerobic digestate was treated by EC using different combinations of Al and Fe electrodes.
At the fixed current of 2 A, the change of electric potential for all combinations of electrodes (Fe–Fe,
Al–Al, Al–Fe, and Fe–Al) followed the same pattern that started at 10 V and ended at 20 V during 10
minutes of the EC reaction. Correspondingly, they consumed the same amount of energy (6.5 Wh)
to treat 500 mL AD effluent. The anode metal served as the coagulant metal, which dissolved in
water via oxidation and formed mono/polyatomic hydroxide complexes [16]. The cathode reduced
water to form H2 (g) and OH− accompanied by dissolution and/or deposition of anodic metal [30].
Correspondingly, these reactions led to occurrence of coagulation, flocculation, and settling during the
EC, which formed three distinct layers (liquid phase sandwiched between the foam layer at the top and
solid layer at the bottom) in the reactor (Figure 1b). As the EC reaction continued, formation of flocs
became visible, and the turbidity of liquid phase was significantly reduced (Figure 3). All electrode
combinations after the two-step process (10 minutes EC followed by 10 minutes settling) demonstrated
very good turbidity removal of more than 90% (Figure 3), though different electrode combinations also
showed a significantly (P < 0.05) different EC performance from each other. Al–Fe combination had
coagulation, flocculation, and settling simultaneously occur during the EC reaction. The following
settling step had no significant (P > 0.05) improvement in turbidity removal of the reclaimed water
(Figure 3). Meanwhile, the EC performance of three other electrode combinations (Fe–Fe, Fe–Al, and
Al–Al) indicated that the settling step after EC is necessary to further remove turbidity (Figure 3).
Considering the effects of different metals used as anode and cathode on turbidity removal
during treatment (both EC and settling), it was observed that there were no significant (P > 0.05)
differences between Fe and Al once they served as the anode (Figure 4c). However, Fe as the cathode
outperformed the Al cathode (Figure 4f). The reclaimed water after EC treatment with Fe–Fe and Al–Fe
electrode combinations had a turbidity of 32.6 and 30.9 NTU, respectively, which were significantly (P
< 0.05) lower than those from the treatment with Al–Al and Fe–Al electrode combinations (Table 2 and
Figure 3). Meanwhile, the pH of the reclaimed water was greatly influenced by anode metal (i.e., Al)

Electrode
Anode
Cathode
Turbidity
tCOD
TP (mg
Combination
pH
consumed consumed
(NTU)
(mg/L)
PO4/L)
(Anode-cathode)
(g/L)
(g/L)
Fe-Fe
7.46
32.6 ± 6.8
206.7 ± 34.0 0.85 ± 0.04 0.72 ± 0.04 0.05 ± 0.08
Sustainability
6 of 15
Al-Al2020, 12, 26978.62
284 ± 164
313.3 ± 89.6
5.6 ± 3.2
0.26 ± 0.02 0.08 ± 0.01
Fe-Al
7.82
287.3 ± 116.4
256.7 ± 34.0
0.1 ± 0.1
0.70 ± 0.03
0
Al-Fe
8.17
30.9 ± 11.6
156.7 ± 5.8
0
0.25 ± 0.03
0
that released more hydroxyl ions in the water, which led to much higher pH (8.62 and 8.17) than those
*The results are reported as the average of three measurements ± standard deviation except for pH values.
(7.46 and 7.82) using Fe as the anode (Table 2).

Figure 3. The turbidity in liquid phase at the end of EC and after 10 min gravitational settling *. The
Figure
3. The
turbidity
liquid
phase
at the
end ofofEC
andtests.
afterError
10 min
gravitational
settlingdeviation
*. The
tests were
run
3 times,in
and
results
are the
average
three
bars
indicate standard
tests
were
run
3
times,
and
results
are
the
average
of
three
tests.
Error
bars
indicate
standard
deviation
from the average value. *: The picture on the top right side was the reclaimed water after 10 min
from
the from
average
value.electrode
*: The picture
on the top
side was the
after digestion
10 min
settling
different
combinations
withright
the comparison
of reclaimed
the originalwater
anaerobic
settling
from different electrode combinations with the comparison of the original anaerobic digestion
(AD) effluent.
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Different electrode combinations also influenced removal of other contaminants, especially
those associated with the solid particles (e.g., tCOD and TP). All four combinations greatly reduced
tCOD and TP in the reclaimed water during EC (Table 2). Among the combinations, Al–Fe showed a
better performance on tCOD removal. The reclaimed water from the treatment of Al–Fe combination
had a tCOD of 156.7 mg/L, which was much (P < 0.05) lower than that in the other three combinations
(206.7, 313.3, and 256.7 mg/L for Fe–Fe, Al–Al, and Fe–Al, respectively). As for TP removal, Fe–Fe,
Fe–Al, and Al–Fe combinations can reduce TP in the reclaimed water down to less than 1 mg PO4/L
level, which were significantly (P < 0.05) lower than the treatment with the Al–Al combination (5.6
mg PO4/L) (Table 2). The analysis on the effects of individual metals as anode and cathode on tCOD
and TP removal further concluded that Fe as cathode had a positive (P < 0.05) effect on tCOD removal,
and Fe and Al used as either anode or cathode had no significant (P > 0.05) influence on TP removal
(Figure 4a,b,d,e).

Figure 4.
of different
electrodes
the EC
EC performance
of total
oxygen demand
Figure 4. Effects
ofEffects
different
electrodes
ononthe
performance
of chemical
total chemical
oxygen demand
and turbidity
removal. (a).
(a). Anode
onon
tCOD;
(b). Anode
on
(tCOD),
total phosphorus
PO4, turbidity
(tCOD), total
phosphorus
(TP) as (TP)
PO4as, and
removal.
Anode
tCOD;
(b). Anode
on PO4 ;
PO4; (c). Anode on turbidity; (d). Cathode on tCOD; (e). Cathode on PO4; (f). Cathode on turbidity
(c). Anode on turbidity; (d). Cathode on tCOD; (e). Cathode on PO4 ; (f). Cathode on turbidity.

In addition, the amount of electrode metal consumed during EC treatment was also recorded
(Table 2). The Al–Fe combination used the smallest amount of metals (0.25 g/L) to carry out the
reaction, compared to 0.77, 0.34, and 0.70 g/L for the Fe–Fe, Al–Al, and Fe–Al combinations,
respectively. The amount of metal consumed during EC reaction was confirmed using Faraday’s
electrolysis equation as follows:

𝑡𝐼𝑀

(3)
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Table 2. The treatment performance of different electrode combinations after EC and settling *.
Electrode
Combination
(Anode-cathode)

pH

Turbidity
(NTU)

tCOD
(mg/L)

TP (mg
PO4 /L)

Anode
consumed (g/L)

Cathode
consumed (g/L)

Fe-Fe

7.46

32.6 ± 6.8

206.7 ± 34.0

0.85 ± 0.04

0.72 ± 0.04

0.05 ± 0.08

Al-Al

8.62

284 ± 164

313.3 ± 89.6

5.6 ± 3.2

0.26 ± 0.02

0.08 ± 0.01

Fe-Al

7.82

287.3 ± 116.4

256.7 ± 34.0

0.1 ± 0.1

0.70 ± 0.03

0

Al-Fe

8.17

30.9 ± 11.6

156.7 ± 5.8

0

0.25 ± 0.03

0

*The results are reported as the average of three measurements ± standard deviation except for pH values.

Different electrode combinations also influenced removal of other contaminants, especially those
associated with the solid particles (e.g., tCOD and TP). All four combinations greatly reduced tCOD
and TP in the reclaimed water during EC (Table 2). Among the combinations, Al–Fe showed a better
performance on tCOD removal. The reclaimed water from the treatment of Al–Fe combination had
a tCOD of 156.7 mg/L, which was much (P < 0.05) lower than that in the other three combinations
(206.7, 313.3, and 256.7 mg/L for Fe–Fe, Al–Al, and Fe–Al, respectively). As for TP removal, Fe–Fe,
Fe–Al, and Al–Fe combinations can reduce TP in the reclaimed water down to less than 1 mg PO4 /L
level, which were significantly (P < 0.05) lower than the treatment with the Al–Al combination (5.6 mg
PO4 /L) (Table 2). The analysis on the effects of individual metals as anode and cathode on tCOD and
TP removal further concluded that Fe as cathode had a positive (P < 0.05) effect on tCOD removal,
and Fe and Al used as either anode or cathode had no significant (P > 0.05) influence on TP removal
(Figure 4a,b,d,e).
In addition, the amount of electrode metal consumed during EC treatment was also recorded
(Table 2). The Al–Fe combination used the smallest amount of metals (0.25 g/L) to carry out the reaction,
compared to 0.77, 0.34, and 0.70 g/L for the Fe–Fe, Al–Al, and Fe–Al combinations, respectively. The
amount of metal consumed during EC reaction was confirmed using Faraday’s electrolysis equation
as follows:
tIM
(3)
m=
Fz
where m is the mass of electrode consumed (g), I is the current applied (A), t is time (second), M is the
molecular weight of the metal (g/mol), F is Faraday’s constant (96485.33 C/mol), and z is the number of
electrons transferred.
The calculations confirmed the consumption of 0.696 g Fe /L and 0.220 g Al/L during 10 min EC
carried out powered by 2 A constant current, which are not significantly different from the weight loss
measurements of the electrodes during the EC process.
According to the experimental results, it is apparent that Al–Fe is the best combination in terms
of overall EC treatment performance and metal consumption. However, the use of aluminum has
the disadvantage of increasing the residual concentration of Al3+ ions in water. It has been reported
that Al3+ accumulation in drinking water is related with Alzheimer’s disease [31]. The maximum
concentration of Al3+ in drinking water has been limited to less than 0.2 mg/L (Secondary Drinking
Water Standards, USEPA). Therefore, aluminum use needs to be avoided. The Fe–Fe combination was
the second best after the Al–Fe combination. There was no significant (P > 0.05) difference on removal
of turbidity and TP between Fe–Fe and Al–Fe, but tCOD removal of Fe–Fe was lower (P < 0.05) than
that of Al–Fe. Considering both environmental health and overall treatment performance, Fe–Fe was
selected as the electrode combination for the rest of the study.
3.2. EC Treatment of Water Reclamation and Microorganism Removal
Electrocoagulation using the Fe–Fe electrode combination was studied to elucidate its effects on
water quality of the reclaimed water during the treatment process. The results showed that turbidity
was quickly removed by 90% in the first 2 minutes and then leveled off for the rest of the EC (Figure 5a).
This phenomenon could be attributed to the characteristics of the AD effluent. The effluent contains
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3.3.1.
Mass and Energy Balance
applications.
The experimental data also demonstrated that the treatment (10 minutes EC plus 10 minutes
The mass and energy balance analysis of the studied EC and settling process were based on a
settling) had a relatively higher water recovery of 84% compared to another study by Liu et al., which
volumetric flow of 3000 L/day AD effluent. The results obtained from the above experiments were used
reported 54.9% water recovery using two-stage EC [9]. There was 420 mL of the reclaimed water and
to carry out the analysis. Considering the operational time of 10 hours/day with 20% of extra time to
80 mL of the sludge yielded from 500 mL of the original AD effluent. Water recovery was used to
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needs to processanalysis.
60 L AD effluent per batch (10 minutes).
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massbetween
balance batches,
in the following
With the water recovery of 84%, the mass balance concluded that the treatment consumed 2.3
kg/day
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indicators and generate 480 L of the sludge with elevated nutrient contents of 10 g/L TN (40% of TS)
and 3.0 g/L TP (12% of TS) (Figure 6). Compared to solid digestate directly from liquid–solid
separation of anaerobic digestion effluent that usually contains TN of 3–14% TS and TP of 0.6–1.7%
TS [32], the sludge from the EC has a much better nutrient profile. In addition, since the pH of the

sludge is above 7, iron in the sludge is in the form of iron oxides that have a limited impact on soil
quality, which alleviates the concern of high iron content in the sludge. These results clearly indicated
that regarding chemical composition, sludge is a good fertilizer. However, high contents of bacterial
and viral indicators in the sludge (Figure 5) require a post-treatment to remove pathogens in order
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Figure 6. Mass balance of the EC system using Fe–Fe electrodes *. *: The TN and TP in the sludge were
Figure 6. Mass balance of the EC system using Fe–Fe electrodes *. *: The TN and TP in the sludge were
calculated based on mass balance.
calculated based on mass balance.

The energy balance analysis further concluded the detailed energy consumption of the treatment
The energy balance analysis further concluded the detailed energy consumption of the treatment
process (Table 3). To treat 3000 L/day AD effluent, the total energy demand of the treatment was 40
process (Table 3). To treat 3000 L/day AD effluent, the total energy demand of the treatment was 40
kWh/day. The EC was the biggest electricity consumer demanding 39 kWh/day, followed by 0.02
kWh/day. The EC was the biggest electricity consumer demanding 39 kWh/day, followed by 0.02
kWh/day for the brushes to clean up the electrodes, and 1.3 kWh/day for the sludge pumps to discharge
kWh/day for the brushes to clean up the electrodes, and 1.3 kWh/day for the sludge pumps to
the EC sludge (Table 3). The corresponding unit energy consumption was 13.2 Wh/L. In comparison
discharge the EC sludge (Table 3). The corresponding unit energy consumption was 13.2 Wh/L. In
to the small-scale conventional active sludge (CAS) treatment process that uses approximately 0.45
comparison to the small-scale conventional active sludge (CAS) treatment process that uses
Wh/L to treat the wastewater with a COD of 500 mg/L [32], the energy consumption per unit tCOD of
approximately 0.45 Wh/L to treat the wastewater with a COD of 500 mg/L [32], the energy
the EC treatment (3.43 Wh/g tCOD) is 3.8 times higher than the conventional wastewater treatment
consumption per unit tCOD of the EC treatment (3.43 Wh/g tCOD) is 3.8 times higher than the
of 0.9 Wh/g tCOD. However, considering the short retention time (10 minutes) of the EC reaction vs.
conventional wastewater treatment of 0.9 Wh/g tCOD. However, considering the short retention time
24 hours of CAS, the EC only needs 60 L of the effective reactor volume to treat 3000 L high-strength
(10 minutes) of the EC reaction vs. 24 hours of CAS, the EC only needs 60 L of the effective reactor
AD effluent per day, which is at least 144 times smaller than the aeration pond of the CAS process
volume to treat 3000 L high-strength AD effluent per day, which is at least 144 times smaller than the
(the retention time of CAS could be much longer than 24 hours to treat the high-strength wastewater).
aeration pond of the CAS process (the retention time of CAS could be much longer than 24 hours to
The small footprint of the EC treatment, along with its capability of treating high-strength wastewater,
treat the high-strength wastewater). The small footprint of the EC treatment, along with its capability
provides a significant advantage of the technology to be adopted by a wide range of scales of different
of treating high-strength wastewater, provides a significant advantage of the technology to be
wastewater treatment applications in addition to anaerobic digestion.
adopted by a wide range of scales of different wastewater treatment applications in addition to
anaerobic digestion.
Table 3. Energy balance.
Unit Operations
Electricity
Demand (Wh/day)
Table 3. Energy
balance.
a

Electrocoagulation
39,000
Unit Operations
Electricity
Demand (Wh/day)
b
Brushing
electrodes
19
a
Electrocoagulation
39,000
b pumps c
Sludge
1312
Brushing electrodes
19
c
Sludge pumps
1312
Total energy demand
40,331
Total
energy
demand
40,331
a: The electricity consumption of the electrocoagulation is 13 Wh/L wastewater. b: Brushes are operated 96 minutes
perThe
day (1
minute perconsumption
10 minutes operational
time). The size of the motor
12 V. The
electricity consumption
the
a:
electricity
of the electrocoagulation
is 13 isWh/L
wastewater.
b: Brushesofare
brushing operation is 19 Wh. c: The sludge pumps ran 96 minutes per day (1 minute per 10 minutes operational
operated
minutes
per
day (1 minute
10 minutes
operational
time).
The size of
the motor of
is the
12
time). The96
size
of the air
compressor
for theper
displacement
pumps
is 0.82 kW.
The electricity
consumption
sludge
pumping
is
1312
Wh.
V. The electricity consumption of the brushing operation is 19 Wh. c: The sludge pumps ran 96
minutes per day (1 minute per 10 minutes operational time). The size of the air compressor for the
3.3.2.displacement
Economic Assessment
pumps is 0.82 kW. The electricity consumption of the sludge pumping is 1312 Wh.

Along with mass and energy balance analysis, economics is another critical factor that determines
3.3.2. Economic Assessment
the commercial applicability of a technology. CapEx and OpEx of the EC treatment process were
examined to conclude the cost of the treatment during the lifespan of the process. As presented in
Table 4, the CapEx of the process implementation was $2010, consisting of $200 for the EC reactor
vessel, $10 for the iron electrodes, $200 for the settling tank, $200 for the brushes with gearbox and
motor, $1000 for the sludge discharging pumps with an air compressor, $100 for the timers, and $300
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for pipelines and other miscellaneous items. The OpEx of the system ($2883) includes costs of energy,
electrode replacement, and maintenance. The energy cost of $1884/year is for the electricity use of the
EC. The cost for the electrode replacement is $499/year. The maintenance cost of $500 is for oil change
and other check-up for the gearbox, pumps and motors.
Table 4. Economic analysis.

Capital expenditure (CapEx)
EC reactor vessel

Unit

Unit Description

Cost ($)

1

60 L effective volume, PVC material

$200

a

cm2

Iron electrodes b

10

4200
surface area each with a
thickness of 0.5 cm and the mass of
1.7 kg each

$10

Brushes with gearbox and
motor

2

Nylon brush with 50 rpm high
torque turbine worm gear box with
12 V DC motor

$200

Settling tank with baffles

1

60 L effective volume, PVC material

$200

Sludge discharging pumps
with an air compressor

2

12 L/min diaphragm pump with
0.82 kw 16 L air compressor

$1000

Timers

2

Controlling feeding and discharging

$100

Pipelines and other
miscellaneous items

1

PVC pipes, fittings and valves

$300

Total CapEx cost

$2010

Operational expenditure
(OpEx)c
Energy cost d
Electrode replacement
Maintenance

f

Total OpEx cost

$1884/year
e

$499/year
$500/year
$2883/year

a. The costs were obtained from suppliers to build a similar unit at the MSU Anaerobic Digestion Research and
Education Center (ADREC). b. The market price of iron steel sheet is $600/metric ton in 2018. c. The values in the
OpEx are all current values. d. The price of electricity is $0.13 according to the data from the Energy Information
Administration (EIA) in 2018. e. The electrodes are replaced once 80% of them are consumed. The daily iron
electrode consumption is 2.28 kg/day. The market price of iron steel sheet is $600/metric ton in 2017. f. The cost of
the maintenance includes oil change and other check-ups for gearbox, pumps, and motor.

The cash flow analysis indicated that with the operational conditions of the EC at 2 A for 10
minutes followed by the settling of 10 minutes, the average treatment cost in 20 years of its lifespan
is $3 per 1000 L AD effluent. The treatment cost of each year was listed in Table 5 considering both
inflation and depreciation. A sensitivity analysis was further carried out to delineate the impacts of
three key parameters (retention time of the EC reaction, CapEx of the process, and lifespan of the
treatment unit) on the average cost of treating the AD effluent (Table 6). The results elucidate that
retention time of the EC reaction is the most sensitive one among three parameters. Shortening the
retention time by 25% could reduce 16% of the average cost, changing from $3/1000 L to $2.52/1000 L.
The other two parameters of CapEx and lifetime of the treatment unit are much less sensitive. With
25% change in their base values, the average costs were slightly reduced to $2.98/1000 L and $2.96/1000
L, respectively. The sensitivity analysis clearly indicated that optimization of the EC reaction is a key
to further improve the economic performance of EC technology.
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Table 5. Treatment cost during the life of the EC process.
Year

Treatment Cost ($/1000
L AD Effluent)

Year

Treatment Cost ($/1000
L AD Effluent)

1

2.72

11

3.01

2

2.77

12

3.04

3

2.79

13

3.06

4

2.82

14

3.09

5

2.84

15

3.12

6

2.87

16

3.15

7

2.90

17

3.18

8

2.92

18

3.22

9

2.95

19

3.25

10

2.98

20

3.28

Table 6. Sensitivity analysis of key parameters on the average cost of treating the AD effluent a .
Item

EC reaction
EC process

Values

Key Parameter

Corresponding Average
Cost to Treat the AD
Effluent ($/1000 L)

Change on the
Average Cost to Treat
the AD Effluent (%)

Base Value

Sensitivity
Range

Retention time
(min)

10

7.5–12.5

3

± 16

CapEx ($)

2010

1508–2513

3

± 0.7

Lifespan of the
process

20

15-25

3

± 1.4

a. All values are adjusted by ±25% of their base values.

According to the sensitivity analysis as well as the kinetic data presented in Section 3.2, shortening
the EC reaction time from 10 minutes to 8 minutes is feasible to significantly reduce the energy
consumption with a minimum impact on the treatment performance. In addition, a continuous EC
process could also improve the treatment performance and reduce energy consumption, which needs
to be further studied.
4. Conclusions
This study demonstrated that EC technology is a highly efficient approach to remove turbidity,
tCOD, phosphorous, and biological indicators from high-strength wastewater. The reduction of
turbidity, total chemical oxygen demand, total phosphorus, total coliforms, E. coli, Enterococci, and
phages in the reclaimed water were 99%, 91%, 100%, 1.5 log, 1.7 log, 1.0 log, and 2.0 log, respectively.
The technoeconomic assessment concluded that a reactor with 60 L of the effective volume can treat
3000 L AD effluent per day, and the treatment cost is $9 per day. Although the EC treatment has
many advantages, including short retention time, small footprint, no mixing requirement, and gradual
addition (dissolving) of coagulants, the high energy consumption (3.43 Wh/g tCOD removal) and
insufficient nitrogen removal (14%) are two main barriers to EC applications. Future studies are needed
to focus on finding solutions to these issues.
Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/7/2697/s1.
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